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Plate Girder Steel Plate Shear Wall
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Kobe Office Building, Kobe -



Kobe City Hall (photo by M. Bruneai).
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(b) Frame elevation (Y (E-W)-direction)

(a) Frame elevation (X(N-S)-direction)
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(c) Floor plan

Plan and elevation of Kobe City Hall Building (Fujitana et al., 1996).
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Shinjuku Nomura Building (top)
and Nippon Steel Building (bottom).















Braced
Frame

Steel Pipe
Column

Steel Plate

ST WallPone

Structural svstem for U5 Federal Courthouse, Seattle
(courtesy of John Hooper, Magrusson Klemerncic Associaies, Seattle, Wa )
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tension-only beam
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Strip
model

Fig 238 Strip model for static (linear and nonlinear) analvsis
of P W (courtesy of Liego Ldpez- Garcia, Foatificia Universidad
Catdlica de Chile, Chile).
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Fig. 2-39 Strip model for cyvelic static and dynamic nonlinear
analysis: (a) diagram of panel model: (b) Rysteretic strip force vs.
strip deformation relationship (courtesy aof Diego Lopez-Garria,
Pontificta Universidad Catdlica de Chile, Chile).
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Fig. 242 Single-story collapse mechanism
( Berman and Brunean, 2(03a).
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al

the applied lateral force onthe wall

the axial force applied at the end of the HEE due
to the web-plate tension on the VEE

= the awial force reaction of the VBE
= the shear reaction of the HRE dus to the wab-

plate tension

= the shear reaction of the VBE dus to the wab-

plate teston
web-plate thicknass

wab-plate tension stress
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Where the spacing of stiffeners is equal in each direction,
the limiting web slenderness ratio below which shear buck-
ling 1s precluded is

s £
— 3.8 )
o Fy (3-4)

where

s = the spacing between stiffeners

I, = the web-plate thickness

Where stiffeners are used in one direction only, the limit-
ing web slenderness ratio is

S £
— < 2.88 [— _
e Fy (3-3)

If the web plate is sufficiently stiffened to meet this crite-
rion, its nominal strength is

V,=0.6Ft,L, (3-6)
where

L = the clear length of the web panel between VBE
flanges
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Fig. 21, Sirip models having {al siageered and (b common
sirpe nodes aif The beamy {courtexy af Diepo Lipez-Garcia,
Ponfificia Universidad Catdlica de Chile, Chile L
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Table 4.1. Design Coeflicients and Factors for Basic Seismic-force-resisting Systems
('The values in the table are those given by the IBC-2000)

Resp- System Deflection System Limitations and Building
onse Over- Amplifi- Height Limitations (feet) by Seismic
Modifi Streneth Satiei Design Category as Determined in
Basic Sei i o-fi st Qusth 4 P tg Fact Section 1616.3 of IBC-2000

asic Seismic-force-resisting System -cation actor actor, Aol C D 3 P

Factor B
> Q. Cyq
R
Steel eccentrically braced frames, 8 2 4 NL NL 160 160 100

morment-resisting connections at columns
away from links

Steel eccentrically braced frames, non- 7 2 4 NL NL 160 160 100
moment-resisting connections at columns
away from links

Special steel concentrically braced 6 2 4 NL NL 160 160 100
frames

Ordinary steel concentrically braced 5 2 4 15 NL NL 160 160 100
frames

Special reinforced concrete shear walls (&) 2 5 NL NL 160 160 100
Composite eccentrically braced frames 8 2 4 NL NL 160 160 100
Special composite reinforced conerete 6 2.5 5 NL NL 160 160 100
shear walls with steel elements

Special steel moment frames 8 3 5.5 NL NL NL NL NL
Special reinforced concrete moment 8 3 5.5 NL NL NI NL NI,
frames

Dual system with special moment frames 8 25 4 NL NL NL NL NL

and steel eccentrically braced frames,
moment-resisting connections, at
columns away from links

Dual system with special moment frames b 25 4 NL NL NL NL NL
and steel eccentric braced frames, -
moment-resisting connections, at
columns away from links

Dual system with special moment frames 3 2.5 6.5 NL NL NL NL NL
and special steel concentrically braced
frames

Dual system with special moment frames g 2.5 6.5 NL NL NL NL NL
and special reinforced concrete shear
walls

Dual system with special moment frames g 2.5 6.5 NL NL NL NL NL
and composite steel plate shear walls

Notes: 1. This table only shows few systems and should not be used in actual design. For design refer to Table
1617.6 of IBC-2000.
2. NL=No Limit



Table 4.2. Proposed Design Coeflicients and Factors for Steel Shear Wall
Seismic-force-resisting systems
(The author A. Astaneh-Asl tentatively proposed the values in the table)

Resp- System | Deflection | System Limitations and Building
onse Over- Amplifi- | Height Limitations (feet) by
Modifi- | Strength cation Seismic Design Category as

Basic Seismic-force-resisting System cation Factor Factor, Determined in Section 1616.3 of
Factor, IBC-2000
Aa | C D E F
R (2, Cy B
1. Un-stiffened steel plate shear walls 6.5 2 5 NL | NL | 160 | 160 | 100

inside a gravity carrying steel frame with
simple beam to column connections

2. Stiffened steel plate shear walls inside 7.0 2 5 NL | NL | 160 | 160 | 160
a gravity carrying steel frame with
simple beam-to-column connections

3. Dual system with special steel Q 25 4 NL | NL | NL | NL | NL

moment frames and un-stiffened steel
plate shear walls

4. Dual system with special steel Q5 25 4 NL | NL | NL | NL | NL
moment frames and stiffened steel plate
shear walls

Note: NL=No Limit



ASCE 7

Section
Where Response
Detailing ~ Modification Deflection
Requirements Coefficient, Overstrength Amplification
Seismic Force-Resisting System Are Specified R" Factor, Q  Factor, C°
1. Steel and concrete composite plate 14.3 T 2% 6
shear walls
8. Steel and concrete composite special 14.3 1 2 o
shear walls
9. Steel and concrete composite ordinary  14.3 6 24 5
shear walls
10. Special reinforced masonry shear walls  14.4 Wz 3 5
I1. Intermediate reinforced masonry shear 14.4 - 3 3
walls
12. Steel buckling-restrained braced 14.1 8 2 5
frames
13. Steel special plate shear walls 4.1 8 2% o2



Fatlure modes of steel plate wall

. Slippage of bolts (ductile).

2. Buckling of the steel plate (ductile).

3. Yielding of the steel plate (ductile).

4. Fracture of wall plate (brittle),

. Fracture of the connections of steel wall to boundary columns and beams (brittle).




Fatlure modes of top and bottom beams

6. Shear yieldmg of top and bottom beams (ductile)

8. Local bucklmg n t

7. Plastic hinge formation i top and bottom

0 Fracture of momen

- connections of the

10. Overall or lateral-torstonal buckling of
11. Fracture of shear connections of beams (brttle).

eAMS 10 ¢

heams (ductile).
¢ top and bottom beam flanges or we

ual §ys

heams (brt

fle).

 (ductile 1 bt < Ay)

ems

i),



Failure modes of Boundary Columns

12. Plastic hinge formation at the top and bottom of columns (ductile).
13. Local buckling of boundary columns (ductile 1t b/t < 4,).
14, Overall buckling of boundary columns (ductile if A=EKLarN(E,/E) < 1.0)
13. Tenston fracture of boundary columns or their splices (brittle).
16. Yielding of base plates of boundary columns mn uplift (ductile)
17. Fracture of anchor bolts or base plates at the base of columns 1n uplift (brittle)

18. Fracture of column base plates in bending and/or uplift (brittle)
19. Failure of foundations of the wall (brittle).




Fracture
of Cols.

Fracture
of Beam
Moment
Conns

Buckling
of Steel
Wall

Yielding
of Beams

Tension . :
Load ; it Bucklin Failure o
Exceeds ??pﬁiﬁi \:m;? ’ Columms Foundat
Service ions
Load
of Beam
Shear
Conns.
Comp. Fracture Yielding

of Base
Plates

of Wall
Connec-
tions

Yielding
of Wall

Fracture
of Anchor

Bolts
ur Base

}< Ductile Failure Modes + Brittle Failure Modes *(




SPECIAL PLATE SHEAR WALLS (SPSW)
AlISC-341

1. Scope

In special plate shear walls (SPSW), the slender unstiffened steel
plates (webs) connected to surrounding horizontal and vertical
bounaary elements (HBE and VVBE) are designed to yield and behave
In a auctile hysteretic manner during earthquakes (see Figure C-F5.1).
All HBE are also rigidly connected to the VBE with moment resisting
connections able to develop the expected plastic moment of the HBE.
Each web must be surrounded by bounaary elements.

2. Basis of Design

Yielding of the webs occurs by development of tension field action at
an angle close to 45° from the vertical, and buckling of the plate in the
orthogonal direction. Past research shows that the sizing of VBE and
HBE In a SPSW makes it possible to develop this tension field action
across all of the webs.



Horizontal Boundary
Element (HBE)_

Vertical Boundary
Element (VBE)

Web Element

Panel 4

Panel 3

Level 4

Level 3

Level 2

Level 1

Fig. C-F5.1. Schematic of special plate shear wall,



o Except for cases with very stiff HBE and VBE, yielding in the webs
aevelops in a progressive manner across each panel. Because the webs
ao not yield In compression, continued yielding upon repeated cycles
of Joading 1s contingent upon the SPSW being subjected (o
progressively larger arifts, except for the contribution of plastic
hinging developing in the HBE to the total system hysteretic energy.
In past research (Driver et al., 1997), the yielding of boundary
elements contributed approximately 25 to 30% of the total load
strength of the system.

o With the exception of plastic hinging at the ends of HBES, the
surrounding HBEs and VBEs are designed to remain essentially
elastic when the webs are fully yielded. Plastic hinging at the ends of
HBES Is needed to develop the plastic collapse mechanism of this
system. Plastic hinging in the middle of HBEs, which could partly
prevent yielding of the webs, Is deemed undesirable. Cases of both
aesirable and undesirable yielding in VVBE have been observed in past
testing.



o Research literature often compares the behavior of steel plate walls to
that of a vertical plate girder, indicating that the webs of a SPSW
resist shears by tension field action and that the VBE of a SPSW resist
overturning moments. While this analogy I1s useful in providing a
conceptual understanding of the behavior of SPSW, many significant
aifferences exist in the behavior and strength of the two systems. Past
research shows that the use of structural shapes for the VVBE and HBE
in SPSW (as well as other dimensions and adetails germane to SPSW)
favorably impacts orientation of the angle of development of the
tension field action, and makes possible the use of very slender webs
(having negligible diagonal compressive strength). Sizeable top and
bottom HBES are also required in the SPSW to anchor the significant
tension fields that adevelop at the ends of the structural system. Limits
Imposed on the maximum web slenderness of plate girders to prevent
flange buckling, or due to transportation requirements, are also not
applicable to SPSW which are constructed differently. For these
reasons, the use of beam design provisions in the Specification for the
aesign of SPSW 1s not appropriate (Berman and Bruneau, 2004).



3. Analysis

The webs of SPSW shall not be considered as resisting gravity forces.

The required strength of HBEs, vertical boundary elements (VBES),
and connections in SPSW shall be based on the load combinations in

the applicable building code that include the amplified seismic
load.

In determining the amplified seismic load the effect of horizontal
forces including overstrength ,E,, ,shall be determined from an
analysis in which all webs are assumed to resist forces corresponding
to thelr expected strength in tension at an angle, a, as determined in
Section F5.50 and HBE are resisting flexural forces at each end equal
to 1.IR M, (LRFD).

Webs shall be determined to be in tension neglecting the effects of
gravity loads.

The expected web yield stress shall be taken as RF, . When
perforated walls are used, the effective expected tension stress Is as
aefined in Section F5.7a(4).



Per capacity design principles, all edge boundary elements (HBE and
VBE) shall be designed to resist the maximum forces developed by the
tension field action of the webs fully yielding. Axial forces, shears and
moments aevelop in the bounaary elements of the SPSW as a result of the
response of the system to the overall overturning and shear, and this tension
field action in the webs. Actual web thickness must be considered for this
calculation, because webs thicker than required may have to be used due to
availability, or minimum thickness required for welding.

o Al the top panel of the wall, the vertical components of the tension field

shall be anchored to the HBE. The HBE shall have sufficient strength to
allow development of full tensile yielding across the panel wiadlth.

» Al the bottom panel of the wall, the vertical components of the tension

field shall also be anchored to the HBE. The HBE shall have sufficient
strength to allow development of full tensile yielding across the panel width.
This may be accomplished by continuously anchoring the HBE to the
founaation.



o For Intermediate HBE of the wall, the anticipated variation between the top
and bottom web normal stresses acting on the HBE Is usually small, or null
when webs In the panel above and below the HBE have identical thickness.
While top and bottom HBE are typically of substantial size, Intermediate
HBE are relatively smaller.

» For the design of HBE, it may be important to recognize the effect of
vertical stresses introduced by the tension field forces in reducing the
plastic moment of the HBE. Concurrently, free-body diagrams of HBES
should account for the additional shear and moments introduced by the
eccentricity of the horizontal component of the tension fields acting at the
top and bottom of the HBES.

o Beyond plastic-hinge formation at the ends of the HBE, in some Instances
the engineer may be able to justify yielding of the boundary elements by
aemonstrating that the yielding of a particular edge boundary element will
not cause reauction on the SPSW shear capacity to support the demand and
willl not cause a failure in vertical gravity carrying capacity.



Forces and moments in the members (and connections), including those
resulting from tension field action, may be determined from a plane
frame analysis. The web Is represented by a series of inclined pin-ended
Strips, as described in Commentary Section F5.5b. A minimum of ten
equally spaced pin-ended strips per panel will be used in such an
analysis.

o A number of analytical approaches are possible to achieve capacity

aesign and determine the same forces acting on the vertical bounadary
elements. Some example methods applicable to SPSW follow. In all
cases, actual web thickness must be considerea, for reasons described
earlier.

Nonlinear push-over analysis. A model of the SPSW can be constructed
in which bilinear elasto-plastic web elements of strength RF A, are
introauced in the direction a. Bilinear plastic hinges can also be introduced
at the ends of the horizontal bounadary elements. Standard push-over analysis
conaucted with this model will provide axial forces, shears and moments in
the boundary frame when the webs develop yielding. Separate checks are
required to verify that plastic hinges do not develop in the horizontal
bounadary elements, except at thelr enas.



Indirect capacity design approach. The Canadian Stanaards
Association Standard ,Limit States Design of Steel Structures (CSA,
2001), proposes that loads In the vertical boundary members can be
aetermined from the gravity loads combined with the seismic loadls
Increased by the amplification factor,

B=VvV/V,
where

V., = expected shear strength, at the base of the wall, determined for
the web thickness supplied, kips

=05R, Fjt,LsinZa

V,, = factored lateral seismic force at the base of the wall In
aetermining the loads in VVBES, the amplification factor, B, need not
be taken as greater than R.

The VBE design axial forces shall be determined from overturning
moments defined as follows:



- The moment at the base Is BM, , where M, Is the factored seismic
overturning moment at the base of the wall corresponading to the force
Vu

- The moment BM, extends for a height H but not less than two
stories from the base

- The moment decreases linearly above a height H to B times the
overturning moment at one story below the top of the wall, but need
not exceed R times the factored seismic overturning moment at the
story under consiaeration corresponading to the force V,

The local bending moments in the VBE due to tension field action in
the web shall be multiplied by the amplification factor B.



4. System Requirements
4a. Stiffness of Boundary Elements

The vertical bounaary elements (VBES) shall have moments of inertia
about an axis taken perpendicular to the plane of the web, I, not less
than 0.0031t /L.

The horizontal boundary elements (HBES) shall have moments of
Inertia about an axis taken perpendicular to the plane of the web, 1,
not fless than 0.0031L%h times the difference in web plate
thicknesses above and below,

Where

l, = moment of inertia of a HBE taken perpendicular to the direction
of the web plate line, in.4 (mm4)

/. = moment of inertia of a VBE taken perpendicular to the direction
of the web plate line, in.4 (mm4)

L = distance between VBE centerlines, in. (mm)

h = distance between HBE centerlines, in. (mm)

t, = thickness of the web, In. (mm)



4b. HBE-to-VBE Connection Moment Ratio

The moment ratio provisions in Section ES3.4a shall be met for all
HBE/VBE Intersections without consideration of the effects of the
webs.

4c. Bracing

HBE shall be braced to satisfy the requirements for moderately ductile
members in Section D1.2a.

4d. Openings in Webs

Openings in webs shall be bounded on all sides by Intermediate
bounadary elements extending the full width and height of the panel
respectively, unless otherwise jJustified by testing and analysis or
permitted by Section F5.7.

5. Members
5a. Basic Requirements

HBE, VBE and Intermediate bounaary elements shall satisfy the
requirements of Section D1.1 for highly ductile members.



5b. Webs

The panel design shear strength, oV (LRFD), in accordance with the
limit state of shear yielding, shall be determined as follows:

V,=042F t, L ssinZ2a , ¢ =0.90

where
L .- = clear distance between column flanges, in. (mm)
t,, = thickness of the web, in. (mm)

a =angle of web yielding In degrees, as measured relative to the
vertical. The angle of inclination, a, Is permitted to be taken as 40°, or
IS permitted to be calculated as follows.

t, L
1+
tan* o = 2AC
3
1+t,h 1+ h
A, 360l L
where

A, = cross-sectional area of an HBE, in.2 (mmZ2)
A_ = cross-sectional area of a VBE, In.2 (mmZ2)



5¢. Protected Zone

The protected zone of SPSW shall satisfy Section D1.3 and incluade
the following.

(1) The webs of SPSW
(2) Elements that connect webs to HBEs and VBESs

(3) The plastic hinging zones at each end of HBES, over a region
ranging from the face of the column to one beam depth beyond
the face of the column, or as otherwise specified in Section E3.5c



6. Connections
6a. Demand Critical Welds

The following welds are demand critical welds, and shall satisfy the
requirements of Section A3.4b and 12.3.

(1) Groove welds at column splices
(2) Welds at column-to-base plate connections

Exception: Where it can be shown that column hinging at, or near, the
base plate Is precluded by conditions of restraint, and in the absence of
net tension under load combinations including the amplified seismic
load, demand critical welds are not required.

(3) Welds at HBE-to-VBE connections



6b. HBE-to-VBE Connections
HBE-to-VVBE connections shall satisfy the requirements of Section E1.60.

(1) Required Strength

The required shear strength of an HBE-to-VBE connection shall be
based on the load combinations in the applicable building code that
Include the amplified seismic load. In determining the amplified
seismic loaad, the effect of horizontal forces includin overstrength, E,,
, Shall be taken as the shear calculated from Equation

Enp = 2[LIRMJ/L
together with the shear resulting from the expected yield strength in
tension of the webs yielding at an angle a.

(2) Panel Zones

The VBE panel zone next to the top and base HBE of the SPSW shall
comply with the requirements in Section E3.6e.(1) Groove welds at
column splices



6¢. Connections of Webs to Boundary Elements

The required strength of web connections to the surrounding HBE and
VBE shall equal the expected yield strength, in tension, of the web
calculated at an angle a.

6d. Column Splices

Column splices shall comply with the requirements of Section DZ2.5.
Where welds are used to make the splice, they shall be complete-
Jjoint-penetration groove welds.

Column splices shall be designed to develop at least 50% of the
lesser avallable flexural strength of the connected members. The
required shear strength, V,,, shall be determined by Equations F4-2a .



7. Perforated Webs

7a. Regular Layout of Circular Perforations

A perforated plate conforming to this section Is permitted to be used
as the web of an SPSW. Perforated webs shall have a regular pattern
of holes of uniform diameter spaced evenly over the entire web-plate
area In an array pattern so that holes align diagonally at a uniform
angle to vertical. Edges of openings shall have a surface roughness of
500 u-in. (13 microns) or /ess.

(1) Strength
The panel design shear strength, oV, (LRFD) , in accordance with the

limit state of shear yielding, shall be determined as follows for
perforated webs.

y

V. =0.42Ft, L, Ll— O'7D] (F5-3) .

diag

0 =0.90 (LRFD)



diagonal strip

Fig. C-F5.7. Schematic detail of special perforated steel plate wall and
typical diagonal strip.



where

D = diameter of the holes, in. (mm)

Saiag = SHOrESt center-to-center distance between the holes, in. (mm)
(2) Spacing

The spacing, Sy, , shall be at least 1.67D.

The distance between the first holes and web connections to the HBES
and VBES shall be at least D, but shall not exceed (D + 0.75;,,).

(3) Stiffness

The stiffness of such reqularly perforated infill plates shall be
calculated using an effective web-plate thickness, t.,, given by:

-7 D
4 Sdiag t (F5‘4) i

teff — . w
,_7[ D Y,;_N.DSina
4 Sdiag Hc

where




H_. = clear column (and web-plate) height between beam flanges, in. (mm)
N, = number of horizontal rows of perforations
t,, = web-plate thickness, in. (mm)

a = angle of the shortest center-to-center lines in the opening array to
vertical, degrees

(4) Effective Expected Tension Stress

The effective expected tension stress to be used In place of the
effective tension stress for analysis per Section F5.3 IS
7b. Reinforced Corner Cut-Out

Quarter-circular cut-outs are permitted at the corners of the webs
proviaed that the webs are connected to a reinforcement arching plate
following the eadge of the cutouts. The plates shall be designed to
allow development of the full strength of the solid web and maintain
Its resistance when subjected to deformations corresponading to the
aesign story drift. This Is deemed to be achieved if the following
conaitions are met.



Fig. C-F5.8. Arch end reactions due to frame deformations, and infill panel forces

on arches due to tension field action on reinforced cut-out corner.
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Fig. C-F5.9. Deformed configurations and forces acting on right arch.



(1) Design for Tension

The arching plate shall have the available strength to resist the axial
tension force resulting from web-plate tension in the absence of other
forces.

R,F,t,R 5
P —
) 4e (F5-5) .
as appropriate,
where
R = raadius of the cut-out, in. (mm)

Ry = ratio of the expected yield stress to the specified minimum yield
Stress

e= R(l —J2/ 2) , in. (mm) (F5-6)
HBESs and VBES shall be designed to resist the tension axial forces
acting at the end of the arching reinforcement.




(2) Design for Beam-to-Column Connection Forces

The arching plate shall have the available strength to resist the
combined effects of axial force and moment in the plane of the web
resulting from connection In the absence of other forces. These forces
are:

o :15E|y (Aj (F5-7) .
© 16e® \ H
as appropriate.
The moments are:.
M, =P, (F5-8) .
as appropriate,
where
E = moaulus of elasticity, ksi (MPa)
H = height of story, in. (mm)
1, = moment of inertia of the plate about the y-axis, in.? (mnr’)
A = design story drift, in. (mm)




Behavior of Steel Shear Walls Under Applied Shear
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Figure 5.2. Three regions of behavior of steel shear walls

e e \/ —_— .,
g Oy
S x5
Ty Oy Oer
ﬁ
- \V

Compact Steel Shear Wall Non-Compact and SlenderSteel Shear VWall



The shear capacity of steel plate shear walls, in LRFD format, ¢ J , where ¢ =0.90 and

V 1s determined as follows:

A. For compact shear walls when i/t <110,k E/F,
V=064 F G-

W w

B. For non-compact and slender shear walls when 7%, - 1.10,k,E/F,,

v =064,F, -6,
1151+ (a/ hY’ (5.2)
Where k 15 grven by:
)

The value of ky should be taken as 5.0 if a/h is greater than 3.0 or [260/(h/t,)].
The value of C, 15 given by AISC (1999) as:



(a) For 1.10 kVE < f <1.37 kvE .
VE, 1, F,

LIOJKE/E,

C 3.4
' hit, %)
h k
(b) For — > 1.37 £
f wa
151k E
C, *’ (5.5)

- 2
(h/1,)°F,,



In addition, the boundary beams and columns of shear walls should satisfy the following
b/t requirements given by the AISC Seismic Provisions (AISC, 1997):

b /2t < 52«/@ (5.10)

The above equation in non-dimensional form can be written as:

b/2t, <0.31/\|EF, (5.10a)

h/t,, <520/ F, (5.11)

The above equation in non-dimensional form can be written as;

ho/t, <3.10/ JEF, (5.11a)
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COMPOSITE PLATE SHEAR WALLS (C-PSW)
AlISC-341

e 1.Scope

o« Composite plate shear walls (C-PSW) shall be designed In
conformance with this section. Composite plate shear walls consist of
steel plates with reinforced concrete encasement on one or both
sides of the plate, or steel plates on both sides of reinforced
concrete infill, and structural steel or composite boundary members

e 2. Basis of Design

C-PSW designed In accordance with these provisions are expected to
provide significant Inelastic deformation capacity through yielding in the
plate webs. The horizontal boundary elements (HBE) and vertical
boundary elements (VBE) adjacent to the composite webs shall be
designed to remain essentially elastic under the maximum forces that
can be generated by the fully yielded steel webs along with the
reinforced concrete webs after the steel web has fully yielded, except
that plastic hinging at the ends of HBE Is permitted.
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Precast Conc.
Wall
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Bolts

( b) Innovative Composite Wall

Precast Conc.
Wall

No Gap
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(a) Composite Shear Wall Studied Bolts

( ¢) Traditional Composite Wall

Note: Steel shear wall is fillet-welded to steel tab plates on all four boundaries. The
tab plates are fillet-welded to the boundary beam and column flanges.



3. Analysis
3a. Webs

Steel webs shall be designed to resist the seismic load, E, determined
from the analysis required by the applicable building code. The
analysis shall account for openings in the web.

3b. Other Members and Connections

Columns, beams and connections in C-PSW shall be designed to
resist seismic forces determined from an analysis that includes the
expected strength of the steel webs in shear, 0.6R F A, and any
reinforced concrete portions of the wall active at the design story
arift. The vertical boundary elements (VBE) are permitted to yield at
the base.

4. System Requirements
4a. Steel Plate Thickness

Steel plates with thickness less than 3/8 in. (9.5 mm) are not
permitted



4b. Stiffness of Vertical Boundary Elements
The VVBE shall satisfy the requirements of Section F5.4a.
4c. HBE-to-VBE Connection Moment Ratio

The beam-column moment ratio shall satisfy the requirements of
Section F5.4b.

4d. Bracing
The bracing shall satisfy the requirements of Section F5.4c.
4e. Openings in Webs

Boundary members shall be provided around openings In shear wall
webs as required by analysis.

5. Members
5a. Basic Requirements

Steel and composite HBE and VVBE shall satisfy the requirements of
Section D1.1 for highly ductile members



5b. Webs

The design shear strength, o'V, or the allowable shear strength ,V, /L2,
for the limit state of shear yielding with a composite plate conforming
to Section H6.5c¢ shall be taken as:

V, = 0.6A,,F, (H6-1)

¢ =0.90 (LRFD) Q=1.67 (ASD)

where

A, = horizontal area of stiffened steel plate, in.2 (mn¥)

F,, = specified minimum yield stress of the plate, ksi (MPa)

V., = nominal shear strength of the steel plate, kips (N)

The avalilable shear strength of C-PSW with a plate that does not meet
the stiffening requirements In Section H6.5c shall be based upon the
strength of the plate as given In Section F5.5 and satisfy ithe
requirements of Specification Sections G2 and G3.



* 5c. Concrete Stiffening Elements

The steel plate shall be adequately stiffened by encasement or
attachment to a reinforced concrete panel. Conformance to this
requirement shall be demonstrated with an elastic plate buckling
analysis showing that the composite wall can resist a nominal shear
force equal to V...

The concrete thickness shall be a minimum of 4 in. (100 mm) on
each side when concrete is provided on both sides of the steel plate
and 8 in. (200 mm) when concrete Is provided on one side of the
steel plate. Steel headed stud anchors or other mechanical connectors
shall be provided to prevent local buckling and separation of the plate
and reinforced concrete. Horizontal and vertical reinforcement shall
be provided In the concrete encasement to meet or exceed the
reguirements in ACl 318 Section 14.3. The reinforcement ratio in
both directions shall not be less than 0.0025. The maximum
spacing between bars shall not exceed 18 in. (450 mm).



Concrete Stiffening on One
or Both Sides of Plate

Fig. C-H6.2. Concrete stiffened steel shear wall with composite
(encased) boundary member:
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I Steel PlatE-.—: shear Connector :

Fig. C-H6.3. Concrete filled C-PSW with a boundary element and

transverse reinforcement.

CJP _Transverse
Reinforcement

Steel Plate — Shear Connector

Fig. C-H6.4. Concrete filled C-PSW with transverse reinforcement to provide
integrity of the concrete infill.



5d. Boundary Members

Structural steel and composite bounadary members shall be designed to
resist the expected shear strength of steel plate and any reinforced
concrete portions of the wall active at the design story darift.
Composite and reinforced concrete boundary members shall also
satisty the requirements of Section H5.50. Steel bounaary members
shall also satisfy the requirements of Section Fb5.

5e. Protected Zones
There are no designated protected zones.

6. Connections
6a. Demand Critical Welds

The following welds are demand critical welds, and shall satisfy the
requirements of Section A3.4b and 12.3.

(1) Groove welds at column splices
(2) Welds at the column-to-base plate connections



Exception: Where it can be shown that column hinging at, or near, the base
plate 1s precluded by conditions of restraint, and in the absence of net
tension under load combinations including the amplified seismic load,
aemand critical welds are not required.

(3) Welds at HBE-to-VVBE connections
6b. HBE-to-VBE Connections

HBE-to-VBE connections shall satisfy the requirements of Section
F5.6D.

6¢. Connections of Steel Plate to Boundary Elements

The steel plate shall be continuously welded or bolted on all edges to
the structural steel framing and/or steel boundary members, or the
steel component of the composite boundary members. Welds and/or
slip-critical high-strength bolts required to develop the nominal
shear strength of the plate shall be provided.



6d. Connections of Steel Plate to Reinforced Concrete Panel

The steel anchors between the steel plate and the reinforced concrete
panel shall be designed to prevent its overall buckling. Steel anchors
shall be designed to satisfy the following conaditions:

(1) Tension in the Connector

The steel anchor shall be designed to resist the tension force resulting
from nelastic local buckling of the steel plate.

(2) Shear in the Connector

The steel anchors collectively shall be designed to transfer the
expected strength In shear of the steel plate or reinforced concrete
panel, whichever Is smaller.

6e. Column Splices

Column splices shall be designed following the requirements of
Section GZ2.6f



Fig. 3-8. C-SPW with concrete on both sides of the web plate.

Fig. 3-9. C-SPW with concrete on one side of the web plate.
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Mayjor failure modes

Failure modes of composite shear walls
1. Slippage of bolts (ductile).

2. Yielding of the steel plate (ductile).

3. Buckling of the steel plate (ductile).

4. Cracking and spalling of the concrete wall
(ductile/brittle)

5. Fracture of the shear connectors (brittle)
6. Fracture of the wall plate (brittle).

/. Fracture of the connections of steel wall to boundary
columns and beams (brittle).



Failure modes of top and bottom beams
8. Shear yielding of the top and bottom beams (ductile).

9. Plastic hinge formation In the top and bottom beams
(ductile).

10. Local buckling In the top and bottom beam flanges
or web (ductile if b/t <A,).

11. Fracture in beam-to-column moment connections
(brittle).

12. Overall or lateral-torsional buckling of beams
(brittle).

13. Fracture of shear connections of beams (brittle).



Failure modes of Boundary Columns

14. Plastic hinge formation at the top and bottom of
column(ductile).

15. Local buckling of boundary columns (ductile if b/t <Ap).

16. Overall buckling of boundary columns (ductile If
Ac=(KL/ar)V(Fy/E)<1.0.,)

17. Yielding of base plates of boundary columns in uplift
(ductile)

18. Tension fracture of boundary columns or their splices
(brittle).

19. Fracture of anchor bolts or base plates at the base of the
columns in uplift (brittle)

20. Fracture of the column base plates in bending and/or
uplift (brittle)
21. Fairlure of the foundations of the wall (brittle).
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